雷インパルス電流による銅線の変形・破断特性に関する研究 by Xiaobo HU
博士論文英文要旨 
 1
A Study on Deformational Breakage Characteristics of Copper Wires  
Caused by High Impulse Current of Lightning 
 
Xiaobo Hu 
 
Outline 
Our research results provide a theoretical analysis tool to the diversification design of lightning rods. Firstly, we 
concluded that thin copper wires, less than 1mmφ, broke mainly because of ohmic heating. However, magnetic 
force and the skin effect, rather than thermal failure, were primarily responsible for breakage of thick copper 
wires. Secondly, we proposed the temperature calculation method when copper wires no matter curved or straight 
conducted the lightning impulse current. Thirdly, the stress distribution due to electro-magnetic force along copper 
wire could be investigated by the simulation program. Then we could carry out optimum design to special wire 
shape. To the theory researches of lightning, in the past studies, we always considered that the curved copper wire 
should begin to deform when it carried the lightning impulse current. It is true when the lightning impulse current 
was considered in the millisecond range. However, when the lightning impulse current was considered in the 
microsecond range, the copper wire should begin to deform after passing the lightning impulse current. Thus, we 
must use different breakage mechanism to investigate the breakage process and stress distribution due to electro-
magnetic force along the copper wire in microsecond range. 
 
1 INTRODUCTION 
Winter lightning strikes occur frequently over long 
periods in Japan’s Hokuriku district. Moreover, high 
voltage and large current impart serious damage. This 
study specifically examines the properties of copper 
wires, which are used as lightning wires, under heavy 
current. We intend to elucidate the current conducting 
ability when a copper wire is curved. 
Here, we briefly present experimental results for 
copper wires from 0.3mmφ to 2.0mmφ while 
conducting heavy current. Results of these experiments 
show that ohmic heating is the main reason for breakage 
of thin copper wires of less than 1mm. However 
magnetic force and skin effect are primarily responsible 
for breakage of thick copper wires, rather than thermal 
failure, as previously thought. Furthermore, thick 
curved copper wires have lower breaking impulse 
current peak values than straight wires do. To get a 
better understanding of the breakage process of the 
curved copper wire, the breakage process was simulated 
by using FEM software. 
2 EXPERIMENTAL CONDITIONS 
An impulse current generator (maximum voltage 
160kV; maximum stored energy 80kJ; 32 capacitors 
each 2.5µF, 40kV), located at the Technical University 
of Munich, was used. The copper wire type was Cu-
OF1 (purity > 99.95%; Gutmann Kabel). The copper 
wires were bare and had a round cross-section. The 
effective wire length along the wire was L=0.82m; the 
diameter was D=0.3–2.0mm. They were fixed 
symmetrically to copper plate electrodes. The shunt 
resistance was Ri=2.7mΩ; the voltage divider 
magnification was 1/1,000. The current wave shape i(t) 
was recorded using an oscilloscope. The experiment 
was conducted at room temperature Θ0 of 
approximately 15–18°C. The test current was a ca. 
8/20μs lightning impulse current. 
3 EXPECTED LIGHTNING IMPULSE PEAK VALUES 
Generally, the copper wire is considered to be melted 
by ohmic heating from the lightning impulse current. 
We firstly calculated the breakage current peak values 
which were sure to melt the copper wires. For pre-
arcing times up to 10 ms, the temperature rise is almost 
adiabatic. We used the Law of Energy Conservation to 
calculate the breakage current peak values. Because the 
specific heat capacity, resistivity and length increase 
with the temperature, we assumed variation with 
temperature for the specific heat capacity c0(1+ßT), 
resistivity ρ0(1+αT), and length increase attributable to 
heat expansion l0(1+δT). Next we used a double-
exponential formula (1) to represent the lightning 
current. 
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Substituting the above for Law of Energy 
Conservation, breaking current peak values were 
calculated. 
4 COPPER WIRE BREAKAGE SITUATION 
For 0.3mmφ and 0.6mmφ 
For straight copper wires of 0.3mmφ, after carrying 
the lightning impulse current of Ip=4.9kA, the copper 
wire was almost completely melted. Melted gems were 
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formed at equal intervals along the wire. The straight 
thin copper wire of 0.3mmφ was regarded to be almost 
completely melted. However, for curved copper wires 
of 0.3mmφ, after conducting the lightning impulse 
current of Ip=4.6kA, breakage only occurred at the 
middle curved part; the broken tips became thinner, 
which was regarded as resulting from a tension force 
and melting. Furthermore, the total wire length was not 
elongated after it was broken. 
For curved copper wires of 0.6mmφ, after carrying 
the lightning impulse current of Ip=9.8kA, the copper 
wires were broken at the middle curved part. An 
interesting phenomenon was observed. The copper 
wires lengthened after conducting the impulse current. 
However, the weight remained the same: about 2.06g.  
When copper wires of 0.6mmφ carried a lightning 
impulse current that was slightly lower than the 
breaking impulse current Ip, the copper wire was also 
elongated, but not broken, which suggests that the wire 
length elongation phenomenon occurred before 
breaking the copper wire. This wire length elongation 
phenomenon was very special and was only observed in 
the 0.6mmφ copper wire. Therefore, we carried out a 
second group of experiments and confirmed the same 
phenomenon. 
For 1.0mmφ, 1.4mmφ, and 2.0mmφ 
For curved copper wires of 1.0mmφ, 1.4mmφ and 2.0 
mmφ, after breakage by the lightning impulse current, 
the original curved shape was greatly altered by electro-
magnetic force. The breakage process of 1.0mmφ 
copper wire with a curved angle 90° is presented in Fig. 
1. The copper wire was curved 90°, as in Fig. 1.①, 
when the curved copper wire was not exposed to 
impulse current (0%Ip). With the input of lightning 
impulse current, the curved copper wire began to 
deform because of the electromagnetic force produced 
by its curved parts. The wire deformed into the shape 
shown in Fig. 1.②, when lightning current with 94%Ip 
was carried by the copper wire. The copper wire 
deformed into the shape shown in Fig. 1.③, when the 
lightning current with 99%Ip was input. After the 
lightning current with 100%Ip was input, the copper 
wire broke, as shown in Fig. 1.④. 
The breaking process was that first the curved angle 
moved to the opposite direction; the curved part became 
flat, next because of the inertia effect, this part 
continually deformed to the opposite direction to the 
heart shape until it broke, suggesting that breakage 
occurred from the inner to the outer part. 
 
 
Fig. 1 Breakage process of curved copper wires 
Fig. 2 Breakage characteristics of curved copper wires (impulse peak 
value versus diameter) 
5 EXPERIMENTAL RESULTS  
In Fig. 2, the measured breaking current peak values 
and theoretical adiabatic melting current peak values of 
copper wires with diameter of 0.3–2.0mm are shown. 
The difference between measured breaking current peak 
values and theoretical melting current peak values was 
very small for 0.3 mmφ; however, this difference grew 
with increased diameter. Moreover, as shown in the 
figure, for copper wires of 0.3mmφ and 0.6 mmφ, the 
curve angle had almost no influence on the breaking 
current peak values. They were broken by similar 
current peak values whether curved or straight. For 
copper wires of 1.0mmφ, 1.4mmφ, and 2.0mmφ, the 
curve angle strongly influenced the breaking current 
peak values. With the increase of the curve angle from 
the steeply curved to the straight, the breaking current 
peak value increased. It was readily apparent that 
electromagnetic force is the main reason for breakage of 
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these thick copper wires. All breaking current peak 
values of thick curved copper wires were less than those 
of straight ones. 
6 TEMPERATURE CALCULATION 
The calculated maximum temperature increased with 
increased curvature. Furthermore, the maximum 
temperature decreased with increased diameter. That 
means that the thickest copper wire of 2.0mmφ rose to 
the lowest temperature when it was broken. The thinnest 
copper wire of 0.3mmφ rose to the highest temperature 
before breaking. For the copper wires of 0.6mmφ, the 
special wire length elongation phenomena happened 
during the breaking process. While in the temperature 
calculation, we only assumed the electric energy was 
completely converted into thermal energy, neglecting 
the wire length elongation part. So this temperature 
calculation method is not applicable in the case of wire 
length elongation. If the increased resistances of the 
copper wire due to the wire elongation are considered, 
the calculated max temperature Tp will be increased. 
7 SIMULATION RESULTS AND THEORETICAL 
ANALYSES 
Natural frequency of copper wire 
Firstly, when the copper wire was subjected to the 
action of a suddenly applied force, the response time of 
the copper wire was investigated. Natural frequency fN 
of the copper wire was calculated with the formula 
                                                       (2)
2N
k m
f π=  
fN=natural frequency, Hz, k=stiffness of the system, N/m, 
& m=mass, kg. And, we also can use the FE software to 
calculate the natural frequency of the copper wire. For 
example, fN is the 23Hz for copper wire of 1.0mmφ with 
curved angle 90°. However, the electro- magnetic force 
frequency caused by impulse current is fe=1/(90×10-
6s)=1.1×104Hz. It is obvious that the frequency of the 
electro-magnetic force was greatly higher than the 
natural frequency of the copper wires. So the copper 
wire could not capture the electro-magnetic force. The 
curved copper wires should start to deform after passing 
the lightning impulse current. With this fundamental 
physical condition, we used a “one-way coupling” to 
analyse this deformation process. The one-way coupling 
means electro-magnetic force made the copper wire 
deform in the structural field, but the deformed 
structural did not change the magnetic field and 
magnetic force distribution. Thus, there was no 
 
Fig. 3 Copper wire deformation at 500µs after the impulse current 
 (Curved angle α=45°, Diameter D=1.0mm, Ip=34.5kA) 
 
 
  Fig. 4 Current density distribution in wire at 2µs 
(Curved angle α=45°, Diameter D=1.0mm, Ip=34.5kA) 
 
need to iterate between the magnetic field and structural 
field. In the simulation it was just needed to give 
enough long time to investigate the deformation of the 
copper wire after the impulse current. The simulation 
results also proved this “one-way coupling” analysis. 
The copper wire did not deform when the lightning 
impulse current finished at 44 micro seconds. However 
the copper wire altered its original shape after the 
lightning impulse current. At 500µs it deformed into the 
shape shown in Fig. 3. 
Current density distribution     
Fig. 4 showed a current density distribution in a 
conductor correspondent with the significant skin effect 
when the copper wire initially carried the lightning 
impulse current, where a red region shows the highest 
current density, such as Jmax=3.37×1010A/m2 at 2µs, 
which were 13.5 times of the mean current density. As 
shown in the pictures, the current density of the inner 
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curved part is higher than that of outer part. 
Stress distribution 
Fig. 5 shows the stress distribution along the curved 
copper wire, in which the inner part of the curved area 
received the biggest stress and was easiest to be broken. 
In figure, the red area indicates the biggest tensile stress 
of 4.8×109N/m2 before the flatness deformation. 
Deformation of copper wires 
We carried out transient dynamic structure analysis. 
In these experiments the copper wires would deform 
within high strain rate (µs order) and the ultimate 
strength of the material increased greatly with high 
strain rate. Because it was very difficult to determine the 
ultimate strength and elastic-plastic curve line of the 
copper wire within µs order strain rate by real 
experiments, here we just considered the elastic effect 
neglecting the plastic effect and high strain rate effect. 
Fig. 6 shows the experimental result and simulation 
result, which are in great agreement. As shown in Fig. 
6(b) with an arrowhead, the curved area of the wire 
initially deformed to the opposite direction, then we 
considered with inertia effect this part continually 
deformed to the opposite direction to the heart shape 
until it broke. 
8 CONCLUSIONS 
The phenomenon by which straight and curved 
copper wires were broken by lightning impulse current 
was examined experimentally and theoretically, yielding 
the following results. 
Experiment 
(1) Copper wires, when broken by lightning impulse 
current, were broken in a solid state before melting. 
(2) The difference between measured breaking 
current peak values and theoretical adiabatic melting 
current peak values was negligible for 0.3 mmφ, but this 
difference grew with increased copper wire diameter. 
(3) Regarding curved copper wires, the curve angle 
had almost no influence on breaking current peak values 
for 0.3mmφ and 0.6mmφ. However, the curve angle 
strongly influenced breaking current peak values for 
1.0mmφ, 1.4mmφ, and 2.0mmφ; with increased curved 
angle from the steeply curved to straight, the breaking 
current peak value became larger. 
Theory 
(1) Because the frequency of the electro-magnetic 
force was greatly higher than the natural frequency of 
the copper wires, the curved copper wires should begin 
to deform after passing of the lightning impulse current. 
(2) A skin effect was noticeable when the copper wire 
carried the lightning impulse current initially. 
 
Fig. 5 Stress distribution along the copper wire  
(Curved angle α=90°, Diameter D=1.0mm, Ip=39.1kA) 
 
 
(a) Experimental result with the original 
 
(b) Simulation result 
Fig. 6 Copper wire deformation at 420µs  
(Curved angle α=90°, Diameter D=2.0mm) 
 
(3) Results show that thin copper wires, less than 1 
mmφ, broke mainly because of ohmic heating. However, 
magnetic force and the skin effect, rather than thermal 
failure, were primarily responsible for breakage of thick 
copper wires, more than 1 mmφ. 
(4) The breaking process of the thick curved copper 
wires was that first the curved angle moved to the 
opposite direction; the curved part became flat, next 
because of inertia effect this part continually deformed 
into the opposite direction to the heart shape until it was 
broken.  
